The physical mechanisms that induce the transformation of a certain mass of gas in new stars are far from being well understood. Infrared bubbles associated with H ii regions have been considered to be good samples for investigating triggered star formation. In this paper we report on the investigation of the dust properties of the infrared bubble N4 around the H ii region G11.898+0.747, analyzing its interaction with its surroundings and star formation histories therein, with the aim of determining the possibility of star formation triggered by the expansion of the bubble. Using Herschel PACS and SPIRE images with a wide wavelength coverage, we reveal the dust properties over the entire bubble. Meanwhile, we are able to identify six dust clumps surrounding the bubble, with a mean size of 0.50 pc, temperature of about 22 K, mean column density of 1.7 ×10 22 cm −2 , mean volume density of about 4.4 ×10 4 cm −3 , and a mean mass of 320 M . In addition, from PAH emission seen at 8 µm, free-free emission detected at 20 cm and a probability density function in special regions, we could identify clear signatures of the influence of the H ii region on the surroundings. There are hints of star formation, though further investigation is required to demonstrate that N4 is the triggering source.
INTRODUCTION
Massive stars (of OB spectral type with masses greater than ∼ 10M ) are thought to form in clusters within molecular cloud complexes. Intense radiative and mechanical outputs from massive stars strongly affect their parent molecular clouds in two opposite ways: by disrupting molecular clouds and by triggering star formation. In effect, on the one hand, the natal molecular clouds can be accelerated beyond their escape velocities by feedback from massive stars through expanding H ii regions, outflows, stellar winds, and supernova explosions, leading to the disruption of the clouds which can stop the eventual star-forming processes. On the other hand, this feedback is capable of sweeping up the surroundings and accumulating them into condensations gravitationally bound, inducing the formation of new generations of stars.
Over the past several decades, numerous studies have focused on star formation triggered in the environs of H ii regions (e.g., Deharveng et al. 2005 Deharveng et al. , 2006 Zavagno et al. 2007; Deharveng et al. 2008 Deharveng et al. , 2009 Ogura 2010; Elmegreen 2011; Kendrew et al. 2012; Dale et al. 2013; Samal et al. 2014; Liu et al. 2015; Dale et al. 2015) . Two different mechanisms have been proposed as models of star formation triggered in the surroundings of H ii regions: the "collect and collapse" process (C & C, Elmegreen & Lada 1977) and "radiation-driven implosion" (RDI, Bertoldi 1989; Lefloch & Lazareff 1994) . In the C & C process, the ultraviolet radiation from ionizing sources produces an ionization front (IF), creating an expanding H ii region. The supersonic expansion of the H ii region drives the shock front (SF) in front of the IF. Finally, a shell of circumstellar gas can be collected between the IF and the SF. In due time, the shell may become denser and collapse to form stars. Several numerical simulations (e.g., Hosokawa & Inutsuka 2005 Dale et al. 2007) have suggested that expanding H ii regions can trigger star formation through the C & C process only if ambient molecular material is massive enough. This process has been tentatively detected to be at work in several well-known H ii regions such as Sh 104 (Deharveng et al. 2003) , RCW 79 (Zavagno et al. 2006) , and RCW 120 (Deharveng et al. 2009 ). By contrast, in the RDI model, the IF drives the SF into molecular clouds surrounding the H ii region, stimulating the collapse of pre-existing subcritical clumps. Recent numerical simulations (e.g., Miao et al. 2006 Miao et al. , 2009 Bisbas et al. 2011) have demonstrated that the RDI model can successfully interpret star formation in brightrimmed clouds (BRCs). This prediction seems to have been confirmed by observations of BRCs (e.g., Reach et al. 2009; Liu et al. 2012) indicating that star formation concentrated along the central axis of the clouds might be the consequence of the RDI process. Thompson et al. (2012) and Kendrew et al. (2012) speculated that around 14%-30% of the massive young stellar objects (MYSOs) in the Milky Way might have been induced by expanding bubbles/H ii regions on the basis of the association of a large sample of IR bubbles (Churchwell et al. 2006 (Churchwell et al. , 2007 with Red MSX MYSOs (Urquhart et al. 2008) . However, the exact processes of triggered star formation are far from being understood. It is hoped that detailed studies of the physical interaction of bubbles/H ii regions together with their environs will lead to a better understanding of star formation associated with bubbles/H ii regions (Liu et al. 2015) .
Far-infrared observations carried out by the Herschel Space Observatory enable us to get a better insight into the physi-cal properties of the bubble / H ii region, with unprecedented resolutions and sensitivities in that spectral range. Thanks to the widespread wavelength coverage from 70 to 500 µm, the dust temperature and column density distributions of all of the entire bubbles/H ii regions can be readily revealed by fitting spectral energy distributions (SEDs) pixel by pixel. Additionally, Herschel observations can reveal star formation surrounding the system. The widespread coverage is adequate for better constraining the SED profiles of YSOs at earlier phases and more accurately estimating their physical parameters such as stellar mass and luminosity. Moreover, Herschel observations coupled with suitable molecular lines offering kinetic and dynamical information are very useful tools for understanding the interactions of the bubbles/H ii regions with their surroundings. The present paper presents a comprehensive study of the bubble N4 (Churchwell et al. 2006 ) using a combination of Herschel and molecular line observations.
The bubble N4 appears as an almost complete ring in the IR regime (see Figure 1) , enclosing the H ii region G11.898+0.747 (Lockman 1989) . N4 is centered at α 2000 = 18 h 08 m 52. s 80, δ 2000 = −18
• 16 22. 8, with a radius of ∼ 2 , corresponding to 1.9 ± 0.5 pc at a distance of 3.2 ± 0.9 kpc (Churchwell et al. 2006) . By analyzing the spatial distribution of candidate YSOs around N4, Watson et al. (2010) found no evidence for triggered star formation. However, they claimed that the presence of triggered star formation can not be ruled out due to the lack of a complete sample of the YSO population as well as maps of the molecular gas and ionized gas in the environs. In contrast, the expanding motion of N4 uncovered by the observations of J = 1 − 0 of 12 CO, 13 CO, and C 18 O carried out by Li et al. (2013) suggests a signature of possible triggered star formation. Therefore, the issue of star formation in N4 merits a more comprehensive investigation.
The purpose of this study is to analyze interactions of the bubble N4 with its surroundings and star formation histories therein, and to explore the possibility of triggered star formation. This paper is organized as follows: the Herschel and molecular line observations together with archival IR and radio data are presented in Section 2, the results are described in Section 3, the discussion is arranged in Section 4, and finally, we give a summary in Section 5.
OBSERVATIONS AND DATA REDUCTION

Herschel Observations
The bubble N4 was observed as part of the Hi-GAL 10 survey. In this survey, the Photodetector Array Camera & Spectrometer (PACS, Poglitsch et al. 2010 ) at 70 and 160 µm and the Spectral and Photometric Imaging Receiver (SPIRE, Griffin et al. 2010 ) at 250, 350, and 500 µm worked simultaneously in the parallel photometric mode. The observations were run in two orthogonal scanning directions at a scan speed of 60 arcsec s −1 . The measured angular resolutions of these bands are 10. 7, 13. 9, 23. 9, 31. 3, and 43. .8 (Traficante et al. 2011) , respectively, corresponding to 0.12±0.05 to 0.49±0.21 pc at the distance to N4. The detailed descriptions of the preprocessing of the data up to usable high-quality images can be found in Traficante et al. (2011) .
To search for early stages of star formation in N4, we took 56 point sources from the Curvature Threshold Extrac- (Kim et al. 2011) .
Since mapping observations are quite time-consuming, we only chose six dense clumps, located on the border of N4, to make single-point observations. To investigate the dynamical and kinetic properties (see Section 3.2 and 4.1) and star formation activity in the clumps, H 2 O (22 GHz), CH 3 OH (44 GHz), HCO + (89 GHz), and o-H 2 CO (141 GHz) were observed simultaneously. The data were calibrated to antenna temperature (T * a ) using the chopper wheel method. A summary of observations is given in Table 1 , including the halfpower beam width (θ HPBW ), the beam efficiency (η), the typical systematic temperature (T sys ), the rms noise level (T rms ) and the velocity resolution (δV). The data were analyzed and visualized with the software GILDAS (Guilloteau & Lucas 2000) .
Archival data
To study the physical characteristics of the bubble and its associated YSO candidates, auxiliary data of images and point sources were complemented by the GLIMPSE (Benjamin et al. 2003) , MIPSGAL (Carey et al. 2009 ) and WISE (Wright et al. 2010) surveys. The images of the Spitzer Infrared Array Camera (IRAC) at 3.6, 4.5, 5.8, and 8.0 µm, together with the Multiband Imaging Photometer for Spitzer (MIPS) at 24 µm were retrieved from the Spitzer Archive.
11 . The angular resolutions of the images in the IRAC bands are < 2 and it is ∼ 6 .0 in the MIPS 24 µm band. In addition, the WISE survey has mapped the entire sky in four infrared bands centered at 3.4, 4.6, 12, and 22 µm, with a resolution of 6. 1, 6. 4, 6. 5, and 12. 0, respectively (Wright et al. 2010 Herschel observations with the widespread wavelength coverage can reveal the dust properties of the entire bubble. To do this, a SED pixel-by-pixel fitting was performed to obtain the distributions of dust temperature (T dust ) and H 2 column density (N H 2 ). Assuming optically thin dust emission, a graybody function for a single temperature can be expressed as follows:
where I ν is the surface brightness, B ν (T d ) is the blackbody function for the dust temperature of T d , the mean molecular weight µ is assumed to be 2.8 (e.g., Kauffmann et al. 2008; Sadavoy et al. 2013) ; and m H is the mass of a hydrogen atom. The dust opacity per unit mass of both dust and gas is defined as κ ν = κ ν0 (ν/ν 0 ) β , where κ ν0 is assumed to be 0.1 cm 2 g −1 at 1 THz (Beckwith et al. 1990 ) under a gas-to-dust mass ratio of 100, and β is fixed to 2, which is a statistical value found in a large sample of H ii regions (Anderson et al. 2012) .
The Herschel data of the four bands at 160, 250, 350, and 500 µm were used for the SED fitting. Since emission at 70 µm may trace hotter components such as very small grains (VSGs) and warmer material heated by protostars, it was not considered in the SED fitting for a single temperature. The four images were convolved to the same resolution 43. 8, and rebinned to the same pixel size 11. 5. To minimize the contribution from the line of sight, we subtracted the backgrounds for each image using a reference area away from (Markwardt 2009 ). In principle, the 870 µm image should have been considered in the SED fitting. Although the 870 µm data constrain the dust temperature, as they are sensitive to colder components than Herschel data, they miss the bulk of extended emission, which is the major interest in our current work. Thus, the image at 870 µm has been excluded in the SED fitting.
The resulting T dust and N H 2 maps are shown in Figure 2 , where the black contours stand for the emission at 24 µmand the purple contour delineates a level of N H 2 = 9 × 10 21 cm −2 , sculpting a shell structure. Emission traced by 24 µm mainly comes from hot dust which can reach very high temperatures after absorbing high-energy photons (e.g., Deharveng et al. 2010 , references therein). The hot dust distribution shown in Figure 2 (a) indicates a dust heating from the interior to the edge of N4 (also see Figure 1 ), therefore, possible temperature gradients along this direction would be expected. However, the dust distributions in the interior and on the edge of N4 appear to be smooth. Given the resolution of 6 at 24 µm, the smoothness could be interpreted as the temperature gradients on small scales not resolved by the angular resolution of 43. 8 of the dust temperature map. Additionally, we note that there is a cold region of ∼ 22 K within the bubble, which may be not real due to the low flux found there (Anderson et al. 2012) .
On the large scale, the temperature distribution nearly matches with 24 µm emission (see Figure 2(a) ). That is, the temperatures of cold dust in the bubble direction are hotter than those away the bubble, suggesting that the H ii region enclosed by N4 has been heating its surroundings. On the small scale, there are three regions that are especially warmer than other places in the T dust map. The first region, located near the bubble center, it can be attributed to the heating of the central ionizing stars (see Section 3.4). The second warm region, with which some YSO candidates are associated (see Section 3.3), is to the north of N4. Hence, this warm region could be a result of the heating from embedded protostars therein. However, the third warm region in the northern border of N4 has no bright 24 µm counterpart or potential associated YSO candidate. Figure 2 (b) shows that the column density of this region is lower than that of its neighbors. This difference suggests that this warm region may be heated premarily by the ionizing photons leaking from the H ii region.
For the H 2 column density distribution in Figure 2 (b), a shell morphology is inscribed as seen in IR bands. In the shell, there is an anti-correlation between N H 2 and T dust . This may be attributed to a lower penetration of the external heating from the H ii region into dense regions. If the shell is bounded by a level of 9 × 10 21 cm −2 as shown in Figure 2 (b), which covers a region of ∼ 1.5 radius of the bubble, the mean N H 2 column density and total mass of the shell can be estimated to be 1.1 × 10 22 cm −2 and 5.2 × 10 3 M , respectively. The total mass of the neutral material of the entire bubble is estimated to be ∼ 5.5 × 10 3 M .
Dense Clumps
Six dense clumps were identified within the shell structure in the H 2 column density image. These sources were decom-14 http://www.physics.wisc.edu/˜craigm/idl/fitting.html .
posed visually from the image by ellipses bounded by the level of 9 × 10 21 cm −2 enclosing the majority of fluxes. The six clumps have different physical sizes and peak column densities (N H 2 ,peak ). Their average temperatures (< T dust >) were obtained from the dust temperature image. We estimated the total mass (gas+dust) and the volume density for each clump. Table 2 gives a summary of the aforementioned parameters, where the main source of error is the uncertainty of the distance to the bubble. The average size, dust temperature, column density, number density, and mass of the six clumps are ∼ 0.5 pc, ∼ 22 K, ∼ 1.7 × 10 22 cm −2 , ∼ 4.4 × 10 4 cm −3 , and ∼ 3.2 × 10 2 M , respectively. The average density > 10 4 cm −3 is consistent with the detections of dense molecular lines within these clumps (see Section 3.2). Figure 3 presents HCO + (1-0) and o-H 2 CO 2 1,2 − 1 1,1 spectra of the six clumps. Since the molecules H 2 O and CH 3 OH were not detected, their spectra are not be displayed. Emission of HCO + (1-0) and o-H 2 CO 2 1,2 − 1 1,1 is strong enough to be detected in all clumps. Their detections indicate high densities for the six clumps, since the critical densities of both lines are 4.5 × 10 4 cm −3 , and 1.3 × 10 5 cm −3 for a kinetic temperature of 20 K (Shirley 2015) . Using the software GILDAS, we retrieved the observed parameters from the spectra of the six clumps, including the peak velocity (V LS R ), line width (FWHM) and the main-beam temperature (T mb ), and the velocity-integrated intensity ( T mb dV) of the different spectra (see Table 3) .
Molecular Line Emission
It is interesting to analyze the centroid velocity variances of the six clumps. The spectra of HCO + and o-H 2 CO obviously show the velocities blueshifted to a systematic velocity of 24.7 km s −1 in the southeastern (SE) part of the bubble (i.e., Clumps A and B) and the redshifted velocities in the northwestern (NW) part (i.e., Clumps D and E). The two remaining clumps show no evident velocity shifts. Observations of J=1-0 of 12 CO, 13 CO, and C 18 O also have already re- vealed the same velocity difference between the SE and the NW (see Figure 3 of Li et al. 2013 ). Due to the lack of blueshifted profiles in the front of the bubble and redshifted ones in the back cap of the bubble in the CO observations, Li et al. (2013) suggested that the bubble N4 may be expanding along the SE-NW direction with an inclination relative to the sky plane. This scenario is compatible with Beaumont & Williams (2010) interpretations of molecular gas studies around a number of IR bubbles, where they conclude that the SFs driven by massive stars tend to create rings. Therefore, the shell of dust and gas in the bubble N4 is presumably assembled by the expanding H ii region.
Assuming that the observed o-H 2 CO line is optically thin and in local thermodynamic equilibrium (LTE), we estimate the column density of this molecular species toward each dense clump presented in Section 3.1.2 using (Goldsmith & Langer 1999) :
where A ul = 5.4×10 −5 s −1 , E u = 21.9 K, and g u = 15. Assuming that the dust and the gas are coupled at the same temperature, in LTE conditions we can approximate T dust = T kin = T rot . Thus, for T rot we used the T dust value obtained for each clump (see Section 3.1.2). Given a temperature of ∼ 22 K averaged over the six clumps, the o-H 2 CO partition function Q rot was estimated to be ∼ 50 by the extrapolation to the relation between Q rot and T rot from the CDMS Catalog. 15 The obtained column density values for each clump are presented in Table 4 , which also includes the o-H 2 CO abundances (X = N(o-H 2 CO)/N(H 2 )). The abundances were estimated using the H 2 column densities presented in Section 3.1.2. We note that o-H 2 CO emission is generally optically thick, therefore, the assumption of optically thin emission of o-H 2 CO results in underestimated column density and abundance.
The obtained o-H 2 CO column densities and abundances are quite similar to those obtained toward other photo-dominated regions (PDRs), such as the Horsehead PDR (Guzmán et al. 2011) , and the Orion Bar (van der Wiel et al. 2009 (van der Wiel et al. , 2010 . Considering that the dust grains are cold (T dust ∼ 22 K) in the dense clumps around the N4 bubble and given the abundances presented in Table 4 , we suggest that in this region the formaldehyde may be formed mainly in the gas phase with a probable contribution of photo-desorption of the grain mantles as was found in the Horsehead PDR (Guzmán et al. 2011) .
Observations of other o-H 2 CO and p-H 2 CO lines toward this region would be very useful to give an important observational probe of the gas phase and grain surface chemistry Robitaille et al. (2006 Robitaille et al. ( , 2007 and then further demonstrated and classified with color-color diagrams. The SED fitting tool invokes a grid of 20,000 two-dimensional Monte Carlo radiation transfer models (e.g., Whitney et al. 2004 ). With 10 viewing angles for each model, there are actually 200,000 YSO SED models. This tool works as a linear regression method to fit these models to the multi-wavelength photometry measurements of a given source. The goodness/badness of each fit could be quantified by a specified value of the best χ 2 (χ private communication). Therefore, if these uncertain parameters are used to classify the identified YSO candidates with the scheme of YSO classification of Robitaille et al. (2006) , the classification results must be unreliable. To avoid this uncertainty, the color selection schemes of Gutermuth et al. (2009) and Koenig et al. (2012) have been adopted to group the YSO candidates identified by the SED fitting into three "Classes": Class I, Class II, and Transition Disk (TD) YSOs. Class I objects are deeply embedded protostars with a dominant infalling envelope, Class II objects are surrounded by a substantial accreting disk (Lada 1987) , and TD objects are more evolved protostars where the inner parts of the disks have been cleared by photoevaporation of the central stars or by planet-forming processes (Gutermuth et al. 2009; Yuan et al. 2014; Paron et al. 2015) . We believe that using the infrared color schemes is a better way to categorize the YSO candidates because the infrared color schemes are a powerful proxy for measuring the excess emission (e.g., Allen et al. 2004; Gutermuth et al. 2008 Gutermuth et al. , 2009 Koenig et al. 2012) . Apart from this, the candidate YSOs, which have been singled out by the SED fitting, can be further confirmed by such color schemes. Sixty potential YSOs within 5 from the bubble center have been identified and classified. Of these, there are 8 Class I, 12 Class II, and 40 TD objects. The classification results are listed in Table 5 and the detailed processes can be found in the Appendix A. We note that the resulting 60 YSO candidates are incomplete but robust (see the Appendix A). Despite this incompleteness, the resulting population with robust identifications is enough for simply learning about the distributions of the YSOs associated with N4. Figure 4 shows the spatial distribution of the 60 YSO candidates. One can see that the majority (∼ 82%) of YSOs are spatially correlated with the PDRs as traced by 8 µm emission (see Section 3.4), which indicates the good spatial association of these potential YSOs with the bubble N4 and the strong impacts that the enclosed H ii region is having on the surrounding star formation. In addition, there is an overdensity of the number of YSO candidates residing on the verge of the bubble. This is also demonstrated by the statistics of all candidates as a function of the normalized bubble radius (see Figure 5 ). The statistics suggest that a large number (∼ 40%) of YSO candidates is located within 1.0 − 1.5 times the radius of the bubble. Such spatial distribution of YSOs in N4 agrees well with the statistical results based on the study of the association of a large sample of YSOs with IR bubbles (Kendrew et al. 2012; Thompson et al. 2012 ). Figure 4 (a) presents the 8 µm image overlaid with radiation at 20 cm. The 8 µm emission predominantly comes from two prominent polycyclic aromatic hydrocarbons (PAHs) at 7.7 µm and 8.6 µm. They are good tracers of PDRs delineating the IF created by massive stars. The 20 cm radiation represents free-free continuum emission from ionized gas. As shown in Figure 4 (a) , most of the ionized gas is surrounded by the ring of PDRs, showing the strong effects of the H ii region on its surroundings. Additionally, the ring of PDRs is also spatially well correlated with the 250 µm emission (see Figure 4 (b) ), which is sensible to cold dust in thermal equilibrium. As such, the cold dust wrapping ionized gas suggests a positive association of the bubble N4 with the H ii region, enhancing their intensive mutual interaction.
Properties of the Ionized Region
Several properties of the H ii region can be derived from 20 
With an estimated Galactocentric distance of 5.5 kpc to N4, it yields an electron temperature of 7400 ± 600 K. If the H ii region reaches the equilibrium at this temperature, the electron density, n e , the mass of ionized gas, M ion , and the Lyman photons per second, N Lym , from the exciting star(s), can be esti- mated following Kurtz et al. (1994) :
where S ν is the integrated flux density at the special frequency ν over the angular size θ; r H ii is the radius of the H ii region, and m p is the proton mass. If the θ and r H ii are considered to be approximately equal to those of the bubble, a total of 32.8 ± 0.01 Jy at 20 cm measured by integrating over the 5 σ contour (see Figure 4 ) yields an estimated n e , M ion , and N Lym of 75 ± 15 cm −2 , 50 ± 38 M , and (1.5 ± 1.1) × 10 48 ph s −1 , respectively. The errors of these parameters result mainly from the uncertainty in the distance of N4. According to Martins et al. (2005) , the estimated N Lym (Log(N Lym ) 48.18) indicates that a main O8.5V-O9V star was responsible for the ionization of N4. These are lower limits given that any ionizing photons absorbed by dust or moving away from the bubble were not accounted for.
The central exciting stars of N4 may be located near the very bright 24 µm emission inside the bubble. Based on the statistical analysis for the seven well-defined bubbles including N4, Deharveng et al. (2010) argued that the hot dust grains seen at 24 µm inside the ionized region can be heated by absorption of the Lyman continuum photons which are more numerous near exciting stars. This indicates that the ionizing stars of N4 may reside near the very bright 24 µm emission inside the bubble (see Figures 1 and 2(a) ). This explanation can be further supported by the positive association of intense free-free continuum radiation from ionized gas with the bright 24 µm emission (see Figures 2(a) and 4(a) ). Observations of spectroscopy of ionizing stars (Martins et al. 2010 ) are expected to reveal their natures.
DISCUSSION
Star Formation in Clumps
The good agreement of the PDRs with cold dust emission and the associated YSO candidates therein are good indicators of the strong impact of the H ii region on its surroundings and on star formation processes. In what follows, we investigate the six identified dust clumps in a context of star formation within them.
In the case of the Aquila Rift complex, a column density threshold of N H 2 > 7×10 21 cm −2 was estimated for the formation of prestellar cores (André et al. 2011) . For the six clumps in N4, the mean column density of 1.4 × 10 22 cm −2 suggests that they may be capable of forming stars. A mass-size relationship is generally adopted to predict whether the clumps will form low-mass stars or high-mass stars (Kauffmann & Pillai 2010) . Based on the statistical analysis of nearby clouds without high-mass star formation (i.e., Pipe Nebula, Taurus, Perseus, and Ophiuchus) and known samples with high-mass star formation such as those of Beuther et al. (2002) ; Mueller et al. (2002); Hill et al. (2005) , and Motte et al. (2007) , a limiting mass-size relation of m(r) ≥ 870 M (r/pc) 1.33 was found to be an approximate threshold for high-mass star formation (Kauffmann & Pillai 2010) . Figure 6 shows the mass versus size relation for the six clumps in N4. Given uncertainties of the two parameters, the two clumps (Clumps B and C) are above the threshold, indicating that they may be forming massive stars, whereas the other four clumps below the threshold may be inclined to form low-mass stars. Indeed, several YSO candidates are close to all clumps but Clump F and six of these (Y22, Y33, Y34, Y36, Y45 and Y59, see Figure 4 ) are classified as Class I YSOs, however, there is no YSO candidate located at the peak positions of the six clumps. These facts suggest that the interiors of six clumps may be in the process of forming stars but without active ongoing star-forming activities.
No clear evidence for ongoing star formation has also been demonstrated in the observations of the four molecular lines toward the peak positions of the six clumps. The 22 GHz H 2 O and 44 GHz Class I CH 3 OH masers are known to occur in low-and/or high-mass star formation regions (e.g., Forster & Caswell 1999; Kurtz et al. 2004 ). These two types of masers are generally thought to be associated with molecular outflows (e.g., Codella et al. 2004; Kurtz et al. 2004) . Optically thick lines of HCO + and H 2 CO are widely used to search for asymmetric line profiles indicative of infall or outflow motions (e.g., Wu et al. 2007; Chen et al. 2010 , and references therein). Therefore, these four molecular lines are an important signpost of ongoing star formation. In the bubble N4, it turns out that no detection of the 22 GHz H 2 O and 44 GHz Class I CH 3 OH masers has been obtained toward the peak positions of all clumps, and the asymmetric red profiles (i.e., a double peak spectral profile with red peak higher than blue peak) have been detected only in Clump C by the HCO + and H 2 CO lines (see Figure 3) .
As a result, no scenario of ongoing star formation is confirmed in the center of any of the six clumps except for Clump C. On the one hand, this result may be a consequence of the poor angular resolution of the present observations (23-120 , corresponding to 0.26-1.35 pc). On the other hand, it can result from the incompleteness of the current sample of YSO candidates. Therefore, we have correlated the six clumps with the YSOs in the RMS survey database (Lumsden et al. 2013) , the sources in the Methanol Multi-Beam survey (Green et al. 2010) , and the compact H ii region catalog in the CORNISH survey (Purcell et al. 2013) . It turns that there is only one source found in the RMS survey, which corresponds to the YSO candidate Y45 (see Figure 4) . In addition, extended green objects (EGOs) identified based on their extended 4.5 µm emission are thought to be massive YSO outflow candidates (Cyganowski et al. 2008) . Figure 4(b) shows Spitzer 4.5 µm emission overlaid with cold dust radiation at 250 µm. One can see that six clumps except for Clumps C and D peak at dark 4.5 µm emission, and no brighter extended 4.5 µm structures with respect to their backgrounds are detected for Clumps C and D, indicating that there may be either no active ongoing star formation or deeply embedded protostars at the centers of these clumps.
Due to the aforementioned lack of the H 2 O, Class I CH 3 OH maser detections, and other signs of ongoing star formation, it is difficult to confirm that the asymmetric red profiles are produced by outflow motions. The fact that Clump C is located close to the strong ionization zone implies that it is fully exposed to intense feedback from the main O8.5V-O9V star such as the compression of the ionized region and stellar winds, forming the different two different velocity components and leading to the asymmetric line profiles. Alternatively, this type of line profile may originate from the clump rotation. Hence, it is worthwhile to determine the mechanism responsible for the asymmetric line profile in Clump C using a map observation with higher angular resolution.
Feedback From Massive Stars
Massive stars are expected to affect their surroundings. Inside the bubble, the hot dust traced by 24 µm emission has been presumably heated by absorption of Lyman continuum photons whose free-free radiation is detected through radio continuum emission at 20 cm. At the edge of the bubble, the shell of cold dust emission is associated with the PDR that delimits the H ii region, indicating the bright illumination of the far UV photons created by massive stars. In the northeast of the bubble, brighter PAH emission is seen extending beyond the IF. This can be attributed to far UV photons leaking from the H ii region due to small-scale inhomogeneities in the IF and in the surrounding medium (Zavagno et al. 2007 ). Likewise, the southwestern filament with bright PAH emission can also be attributed to leaking radiation. All of the above observed facts demonstrate the strong influence of the expanding H ii region on the surroundings. Therefore, the YSO candidates associated with them must suffer the physical action of the H ii region. Moreover, 8 µmemission shows concave-convex characteristics, indicating that the IF is locally distorted. The outline of the cold dust emission, and likewise that of the IF, shows that this type of distortion oc- curs in the adjacent clouds. In this case such distortion could be attributed to compressions of the expanding IF. Such compression can be characterized by the probability density function (PDF) of the column density. In turbulent simulations (Tremblin et al. 2012a,b) , it is argued that when the ionized gas pressure overweighs the ram pressure of the turbulence, the ionization compression could produce PDF forms with two lognormal distributions:
where η = ln(N/N), p i , µ i and σ i are the integral, mean, and dispersion of each component, respectively.N represents the mean column density over a large region. The first lognormal form at low densities is generally thought to be a result of isothermal supersonic turbulence (Vazquez-Semadeni 1994; Vázquez-Semadeni et al. 2008; Federrath et al. 2008 Federrath et al. , 2010 . The second lognormal distribution in the PDF at high densities is believed to be caused by the compression from the ionized gas pressure (Tremblin et al. 2012a (Tremblin et al. ,b, 2014 . Currently, this sort of PDF form has been observed in several massive star-forming regions, and interpreted as ionization compressions (e.g., Schneider et al. 2012; Tremblin et al. 2014) .
Therefore, the exploration of the PDF form in the bubble N4 can help to improve our understanding of the influences of the H ii region on the surroundings. The column density PDF is investigated over three regions (i.e., Circles 1, 2 and 3, see Figure 2 ) covering the ionized gas and the major surroundings. The three regions are concentric with an equal separation of 0.01 degree. Figure 7 displays the column density PDFs toward the three regions well fitted by the sum of two lognormal distributions. The mean column densitȳ N = 8.0 × 10 21 cm −2 is averaged over the region of Circle 3. The fitting parameters can be found in Table 6 . As shown in Figure 7 , all the column density PDFs of the three regions show the second lognormal forms. Given the association of the H ii region with the bubble N4, these forms might be caused by compression of ionized gas. We note that the regions smaller than the Circle 1 do not fit two lognormal distributions well. This may be due to the fact that in this region there are not enough sample points. Furthermore, we observe that the integral of the second lognormal component (p 1 ) decreases as the radius of the target region increases. As suggested by Tremblin et al. (2014) , this trend could be due to the fact that the larger the region is, the less important the amplitude of the compressed lognormal becomes since more unperturbed gas is added to the distribution, indicative of less significance of compression of the ionized gas in larger regions.
Collect and Collapse Process
The association of collected molecular gas with PDR regions and the compression from ionized gas confirm the strong influence of the H ii region on the adjacent medium. In the context of the C & C process, such an impact may stimulate the formation of a new generation of stars. To test the occurrence of this process, the dynamical time of the H ii region can be compared with the fragmentation time of the surrounding molecular clouds (Deharveng et al. 2003 (Deharveng et al. , 2005 Zavagno et al. 2006 Zavagno et al. , 2007 Zavagno et al. , 2010 .
According to the well-known expansion law (Spitzer 1978; Dyson & Williams 1980) , if an H ii region evolves in an homogeneous molecular cloud, the dynamical age (t dyn ) of the H ii region can be expressed as follows:
where R St is the radius of the Strömgren sphere, n 0 is the initial particle density of ambient neutral gas, α B = 2.6 × 10 −13 (10 4 K/T ) 0.7 cm 3 s −1 (Kwan 1997 ) is the the coefficient of the radiative recombination, C H ii is the isothermal sound speed of ionized gas assumed to be 10 km s −1 , and R IF is the radius of the IF. If we assume that R IF is approximately equal to the radius of N4, the total mass of ∼ 555 M of the neutral and ionized gas can yield an initial number density of n H,0 =∼ 1.2 × 10 4 cm −3 . Given the estimated N Ly (see Section 3.4), t dyn of N4 is therefore ∼ 1.0 Myr. This timescale, however, is uncertain since the actual evolution of the H ii regions is not in a strictly uniform medium. Bearing this in mind, the estimated dynamical age should be considered with this caveat.
On the other hand, following Whitworth et al. (1994) , gravitational fragmentation of the shell of collected material can be expected when
where a .2 is the sound speed (a s ) inside the shell in units of 0.2 km s −1 , N 49 is the ionizing photon flux (N Ly ) in units of 10 49 ph s −1 , and n 3 is the initial gas atomic number density (n H,0 ) in units of 10 3 cm −3 . An estimate of a s = 0.3 km s −1 at a dust temperature of 22 K gives t frag =∼ 0.3 Myr.
In comparison, the fragmentation time is much shorter than the dynamical age. This indicates that the shell of collected gas has had enough time to fragment during the lifetime of N4, which is consistent with the signature of six dust fragments condensed out of the shell. Therefore, the C & C process is presumably at work in the bubble N4. In addition, the spatial distribution of some YSO candidates shows an overdensity of the number of YSOs at the edge of the bubble (see Figure 4 and 5). In combination with such an overdensity and the existence of ionization compression, the aforementioned timescales show that a scenario of triggered star formation in the bubble N4 through the C & C process is possible.
SUMMARY
Taking advantage of observations of Herschel and of four molecular lines (i.e., H 2 O 6 1,6 −5 2,3 , CH 3 OH 7 0,7 −6 1,6 , HCO + (1-0), and o-H 2 CO 2 1,2 −1 1,1 ), together with auxiliary archival data involving four public surveys (i.e., GLIMPSE, MIPS-GAL, WISE, 2MASS, and MAGPIS), we have investigated the interactions of the bubble N4 with the adjacent medium and explored the possibility of triggered star formation. The main results are summarized below.
1. The distributions of the dust temperature and column density toward N4 show an anti-correlation: the higher the column density, the colder the dust temperature. This is attributed to the penetration degree of the external heating from the associated H ii region.
2. A shell structure standing out of the column density map harbors six dense dust clumps. These clumps have a mean size of ∼ 0.5 pc, temperature of ∼ 22 K, column density of ∼ 1.7 × 10 22 cm −2 , volume density of ∼ 4.4 × 10 3 cm −3 , and mass of ∼ 3.2 × 10 2 M . Two out of the six may be massive enough to form highmass stars, while the remaining could form low-mass stars. At the present sensitivity and angular resolution, the observations of the four molecular lines toward the six clumps did not reveal a clear evidence of ongoing star formation.
3. The H ii region associated with the bubble is likely to be excited by an O8.5V-O9V type star with a dynamical age of ∼ 1.0 Myr. The velocity difference between the southeastern clumps and the northwestern ones as shown in the spectra of HCO + and o-H 2 CO, suggests that the bubble is expanding.
4. The shell of cold dust emission associated with PDRs, and the compressions of ionized gas characterized by the column density PDF of the target regions demonstrate that the expanding bubble has a strong influence on the its surroundings.
5. In the context of the C & C mechanism, we find that the shell of collected matter has enough time to fragment during the lifetime of N4. From compression of ionized gas, the overdensity of the number of YSO candidates at the edge of the bubble, and the timescales involved, we suggest that triggered star formation might have taken place in the bubble N4 but its definitive demonstration requires more detailed molecular lines observations.
We thank the anonymous referee for the comments that much improved the quality of this paper. This work is supported by the National Natural Science Foundation of China through grants of 11503035, 11573036, 11373009, 11433008, and 11403040 To our knowledge, if more data at longer wavelengths are taken into account, the SED fitting will be better constrained. For example, Figure 8 shows the resulting SED fits with the same parameter inputs except for different data inputs. Obviously, the SED fitting results with the 70 µm data inputs (Figure 8 (c) ) are best constrained, followed by the cases with the 22 µm but without 70 µm data (Figure 8 (b) ) inputs, whereas the cases without the data inputs at both wavelengths (Figure 8 (a) ) are most poorly constrained. Therefore, the ALLWISE and MIPSGAL catalogs were taken into account. The former catalog includes photometries at 22 µmand the latter one includes photometries at 24 µm. In addition, these two catalogs have been cross matched with the 2MASS and/or GLIMPSE surveys, ensuring more photometries to be used in the SED fitting.
From the two catalogs, 191 point sources were picked out. First, we retrieved a sample of 164 sources detected with a ratio of signal-to-noise (S/N) of > 10 in the four WISE bands and with an extension flag of < 2 from the ALLWISE Source catalog. The former simply ensures sources with detections at more wavelengths and with good enough data qualities and the latter guarantees the sources as a point source. Also, this sample has been complemented by that retrieved from the MIPSGAL catalog. In this catalog, a sample of 32 point sources was chosen with a photometry uncertainty of < 0.2 in the MIPS 24 µm and the four IRAC bands. These restrictions are equivalent to those mentioned previously. Except for 5 sources overlapping in these two samples, a total of 191 point sources were obtained. In addition, we tried searching for photometries at 70 µm for these selected sources. After investigating several published literatures, only one object, J180858.77-181629.7, has been found with 70 µm photometries (Lumsden et al. 2013) . Moreover, the 56 point sources from the CuTeX catalog (see Section 2.1) were also inspected by a cross matching with the chosen 191 sources within a search radii of 2 in the software Topcat. 17 In a combination of visual inspections, only five photometries at 70 µm from the CuTeX catalog were considered in the following SED fittings. In total, 6 out of 191 point sources have 70 µm photometries.
In the fittings to the selected 191 sources, the distance was constrained in the range of 2.3-4.1 kpc, and the extinction was in the range of 0 to 16 Mag, which was estimated from the column density map by a relation of A v = 5.34 × 10 −22 N(H 2 ) (Deharveng et al. 2009 ). After the SED fitting to the sources, the YSO candidates were determined by the following criteria. That is, the candidates should be those (1) with χ 2 best /N data ≤ 7 and (2) fitted well only by the YSO models, not by a model of a stellar photosphere with a foreground extinction. The former criterion has been determined by visually inspecting dozens of profiles of resulting SED fittings. We note that the value of 7 is a little greater than those adopted in the literature (e.g., Povich et al. 2009 Povich et al. , 2013 Kang et al. 2009 ). This could be due to the fact that more data points (N data ) have been taken into account in this work. Figure 8 exemplifies a source satisfied with the above criteria. The candidate J180858.77-181629.7 has a good fit of the YSO models (Figure 8 (c) ) but a poor fit of a stellar photosphere (Figure 8 (d) ), indicating that this object is not a field star. These criteria result in 77 YSO candidates including 74 sources from the ALLWISE catalog and the remaining 3 from the MIPSGAL catalog.
The color selection schemes were used to categorize the 77 YSO candidates. To begin, the classification method of Koenig et al. (2012) was adopted for the 74 candidates. According to the criteria in various color spaces, which can kick out possible contaminants such as star-forming galaxies, broad-line AGNs, and knots of shock emission, 16 PAH-contaminated emission sources were removed. The remaining uncontaminated sources are considered to be Class I YSOs if their colors follow (1 In total, built on the 77 SED-identified YSO candidates, the color schemes confirm 60 out of them as potential YSOs: 8 Class I, 12 Class II and 40 TD objects. The results of the classification can be found in Table 5 . Table 7 summarizes the number of sources in each step for identifying YSO candidates. Their photometries are tabulated in Table 8 and Table 9 . The plots of the SED fitting to the 60 YSO candidates are available in Figures 10 and 11 .
The resulting 60 potential YSOs are incomplete toward N4 but robust. The strict criteria on the aforementioned source selections result in the incompleteness. For instance, if the S/Ns of photometries at the selected wavelengths were set to 5, there 
